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Abbreviations 
1O2  singlet oxygen 
AA  acid ascorbic 
APx  ascorbate-peroxidase 
CAT  catalase 
GPx  glutathione-peroxidase 
GR  glutathione reductase 
GSH  reduced form of glutathione 
GSSG  oxidized form of glutathione 
H2O2  hydrogen peroxide 
L-OOH lipid hydroperoxide 
MT  metallothioneins 
NP-SH non-protein thiol compounds 
O2-  superoxide anion 
OH°  hydroxyl radical 
PCs  phytochelatins 
PCS  phytochelatin synthase 
PLGPx phospholipide-hydroperoxyde-glutathion-peroxidase 
POD  peroxidase 
ROS  reactive oxygen species 
SeGPx  Glutathione-peroxidase-selenium-dependent 
SOD  superoxide dismutase 
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1 Introduction 
Environmental pollution is nowadays one of the most discussed topics. It is 
estimated that there is more than 100 000 chemicals which are used regularly in 
industry and which are potential contaminants and pollutants of the total ecosystem. To 
protect the natural environment it is therefore necessary having effective and simple 
methods of determination and also removal of pollutants. 
One possibility of the pollution monitoring is the use of organisms living in the 
polluted areas. Observation of species abundance, density and composition as well as 
the morphological and biochemical changes in these organisms can contribute to better 
understanding of environmental pollution.  
In this study we propose to describe enzymatic changes in submerged aquatic 
plant, Myriophyllum alterniflorum DC., after the exposure of cadmium and copper. In 
addition the amount of accumulated heavy metals will be determined. 
Toxic levels of heavy metals can affect a variety of processes in plants. One of 
the major consequences is the enhanced production of the reactive oxygen species and 
subsequent imbalance of the antioxidative system activity. Cadmium is a toxic trace 
pollutant for humans, animals and plants which enters the environment mainly from 
industrial processes and phosphate fertilizers and then is transferred to the food chains. 
Copper is an essential micronutrient for the growth and development and a component 
of several enzymes. But it becomes toxic at high concentrations. 
 
The enzymatic activity of superoxide dismutase, peroxidase, catalase and 
glutathione reductase will be set down by using the UV spectroscopy. The atomic 
spectroscopy will be used to detect the levels of heavy metals accumulation. 
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2 Theory 
2.1 Ecotoxicology 
2.1.1 Definition 
Ecotoxicology is the study of the movement of toxic materials through the 
environment, and the effect that those materials have upon natural systems, in particular 
the effects on populations and ecosystems. The "movement" referred to relates not just 
to the physical movement of toxic materials, under the influence of groundwater flow 
for example, but also the movement through plant and animal populations via the food 
web. (Chemical Safety Information - glossary) 
The term ecotoxicology was introduced by Truhaut in 1969, who defined it as 
"the branch of toxicology concerned with the study of toxic effects, caused by natural or 
synthetic pollutants, to the constituents of ecosystems, animal (including human), 
vegetable and microbial, in an integral context”. (Truhaut, 1977) 
Ecotoxicology developed from the need to measure and predict the impact of 
pollutants on populations, communities and whole ecosystems rather than on 
individuals. It then combines two different subjects: ecology (the scientific study of 
interactions that determine the distribution and abundance of organisms) and toxicology 
(the study of injurious effects of substances on living organisms, usually man). 
Ecotoxicology differs from the Environmental Toxicology because it integrates the 
effects of stressors across all levels of biological organization from the molecular to 
whole communities and ecosystems, whereas environmental toxicology focuses upon 
effects upon the individual. Ecotoxicology is, therefore, a far broader discipline 
incorporating aspects of ecology, toxicology, physiology, molecular biology, analytical 
chemistry and a wealth of other disciplines to study the effects of xenobiotics in an 
ecosystem. (Connell, 1999) 
2.1.2 Objective 
There are three main objectives in ecotoxicology (Integrated Pest Management 
Resource Centre): 
a) Obtaining data for risk assessment and environmental management.  
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b) Meeting the legal requirements for the development and release of new 
chemicals into the environment.  
c) Developing empirical or theoretical principles to improve knowledge of the 
behaviour and effects of chemicals in living systems.  
Because of a broad content of ecotoxicology several problems should be taken 
account during the research. (Gaujous, 1995) 
a) The effects of a toxic substance differ when acting in different species 
organisms. Owing to the different state of development even among the 
organisms of the same species the differences can be observed. 
b) The toxicity of pollutant can be decreased or increased by the transformation 
in the natural environment. 
c) Some of the organisms have the ability of concentration of the toxic 
substance which can result in the food chain accumulation. 
d) It is difficult to follow the diffusion of toxics during the time and space. The 
pollutants can accumulate in the sediment and release gradually for a long 
time after the contamination. 
2.1.3 Ecotoxicological tests 
2.1.3.1 Used species 
The use of proper methods and species of organisms is essential to obtaining 
appropriate results. Ideal organism used as a biological pollution indicator (bioindicator) 
has following characteristics: 
a) Every individual of the given bioindicator species must show an identical 
correlation between the response to the pollutant and the middle 
concentration of the substance in the biotope or alimentation. This rapport is 
independent on the localisation and the environmental conditions.  
b)  The bioindicator has the ability of bioaccumulation of the pollutant without 
being destroyed. Nor the reproduction is affected by the highest levels of 
pollutant observed in the environment. 
c) The species should be sedative in order to be sure that the found 
concentrations are accordant with the considered geographical localisation. 
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d) There should be a considerable population density in the studied area. Large 
biogeographical distribution of the species then enables the comparison of 
the results from distant places. 
e) The species of a long lifetime are preferable. It permits a testing on different 
stages of development and a perturbation assessment after a long duration of 
the contamination. 
f) The size of the organism should be sufficient to provide enough material for 
the analysis. This applies also for the detailed analysis of an accumulation in 
specific organs. 
g) Sampling of the species should be simple. Animal species are strong enough 
to be transferred into the laboratory and in the end to undergo the 
decontamination. 
Virtually it doesn’t exist any species which would suit all the characteristics. 
Suitable organisms used as bioindicators can be found in every taxonomical department. 
For example, bacteria strains like Streptococcus, Salmonellae or Colliformes can 
indicate the faecal pollution. 
From the animal kingdom, many invertebrate insect communities could be 
mentioned for their role in the biodiversity evaluation. Sessile molluscs, such as mussels 
or oysters, serve as important bioindicators in marine and fresh-waters environment for 
their considerable bioaccumulation ability. Accumulation through the food chain can be 
observed in the birdlife and deer species. 
Plants communities, especially algal communities, are well suited to 
environment monitoring. They are relatively short-lived, have rapid response times to 
many perturbations, are often cosmopolitan in their distributions, and are relatively 
easily identified. For their accumulation activity they can be also used in the 
remediation of the polluted areas. Mosses and other macrophytic plants are 
bioindicators of soil, water and air contamination. Lichens are sensitive for the air 
pollution because they live on poor substrates and receive some nutrients from the 
atmosphere. (Ramade, 1992) 
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2.1.3.2 Tests proceeded in laboratory 
As ecotoxicology largely arose from toxicology the need to regulate the 
introduction of potentially toxic chemicals into the environment remains central to it 
today. Most toxicity testing for pollutants is still based on tests under controlled 
conditions in laboratory, with a limit in the number and the variety of the organisms. 
These tests are cheap, reliable and easy to perform but the scope of toxicity testing 
should expand and the tests that apply to higher levels of organisation should be added 
and so increase the laboratory tests’ relevance to the communities and ecosystems that 
are being protected. 
Tests of toxicity, or bioassays, are distinguished in two types: 
a) Acute toxicity tests are carried out over one very short period compared to 
the generation time of the organization. Their advantages are their speed and 
low cost. These tests generally imply high concentrations of the pollutant so 
the long-term effects of the weak concentrations are not highlighted. 
b) Chronic toxicity tests proceed over a relatively long duration, often 
measured in months or years. They are longer and more expensive than the 
acute tests, but they make it possible to highlight long-term effects of 
a pollutant. They are for example the tests on the reproduction and 
genotoxicity. 
Toxicity can be measured by assessment of a particular outcome or end point.  
The following parameters are frequently used to describe data from toxicity tests: 
LD50/ LC50 Median lethal dose/ median lethal concentration is the dose that kills 
50% of the population  
ED50/ EC50 Median effect dose/ concentration is the dose that produced a defined 
effect to 50% of the population.  
NOED/ NOEC No Observed Effect Dose (or Concentration). 
NOEL No Observed Effect Level. Sometimes this more general term is used 
to describe either of the above. It can be defined as the highest level 
(that is dose or concentration) of the testing chemical that does not 
cause a statistically significant difference from the control.  
LOED/ LOE Lowest Observed Effect Dose (or Concentration)  
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There has been a move away from the use of lethal end points in toxicity testing 
towards the measurement of effects rather than death. Examples of effects which can be 
used include changes in: reproduction (e.g. number of eggs laid or young hatched), 
growth (e.g. biomass or body length) and biochemical or physiological effects (e.g. 
enzyme synthesis or respiration). (Integrated Pest Management Resource Centre) 
2.1.3.3 Tests proceeded in natural environment 
Ecological evaluation of the effect consists of using various ecological 
parameters to evaluate the impact of the pollutant on varied ecosystems. Except of the 
field research these measurements are held in complex systems termed microcosms, 
mesocosms or macrocosms, that is small, medium or large multispecies systems. It must 
be possible to control conditions in these systems to such an extent that they can provide 
meaningful, reproducable and replicable data in toxicity tests. Despite their limitations 
these larger-scale tests can provide important insights into the effect of pollutants on 
whole systems rather than on single species. (Integrated Pest Management Resource 
Centre) 
Parameters expressing impact on the structure of ecosystems: 
a) Density and species abundance reduction is the most spectacular effect of 
pollution. This can be caused by an accident (toxical chemic release) or 
a permanent disturbance (acid rains). 
The diminution of species abundance is often accompanied by the 
modification of dominance. The dominant species which is usually highly 
sensitive to the pollutant encounters density diminution. Consequently the 
dominance is decreased or entirely replaced by a different species. 
Since toxic agent influence both the species abundance and the density 
the diversity of biocoenose is significantly modified. Decrease in 
biodiversity is used as a quantitative indicator of ecosystem pollution. 
In every biocoenose there exist the key species which determine the 
structure of populations in the community. Pollutant specifically toxic to this 
species has therefore damaging effect on the whole biocoenose. 
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b) Abundances of species are maintained on certain level by reacting with other 
species. Due to toxicant effects differently every kind of organisms this 
fragile balance is disturbed and new distribution frequency is established. 
c) Contamination can disorganise the natural course of succession. 
Parameters expressing impact on the function of ecosystems: 
a) Primary production can be affected by the photosynthesis inhibition, the 
inhibition of the autotrophic organisms’ development or by the interference 
with the meristems in higher plants. 
The influence of photosynthesis results from numerous processes. Some 
toxics act directly with the photosynthetic apparatus either by the inhibition 
of the photosynthetic reactions or by simple destroying of the chloroplastic 
apparatus. Among the indirect causes the defoliation or the root system 
disturbance can be mentioned. 
b) Impact of the pollution on the secondary production of terrestrial and aquatic 
ecosystems can be the consequence of two types of processes: the direct 
effect of the pollutant on the invertebrate and vertebrate consumers and the 
indirect effect arisen from the primary production diminution. 
c) Decomposition of the organic material is another way how the pollutants can 
affect the ecosystems. The detrimental effect on the saprophytic organisms 
leads to a slow-down of decomposition and subsequently to a material cycle 
perturbances. (Ramade, 1992)  
2.2 Pollution 
2.2.1 Definition 
Pollution also called environmental pollution is the addition of any substance or 
form of energy (e.g., heat, sound, radioactivity) to the environment at a rate faster than 
the environment can accommodate by dispersion, breakdown, recycling, or storage in 
some harmless form. 
Pollution has accompanied mankind ever since groups of people first congregated 
and remained for a long time in any one place. Primitive human settlements can be 
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recognized by their pollutants—shell mounds and rubble heaps. But pollution was not a 
serious problem as long as there was enough space available for each individual or 
group. With the establishment of permanent human settlements by great numbers of 
people, however, pollution became a problem and has remained one ever since. Cities 
of ancient times were often noxious places, fouled by human wastes and debris. In the 
Middle Ages, unsanitary urban conditions favoured the outbreak of population-
decimating epidemics. During the 19th century, water and air pollution and the 
accumulation of solid wastes were largely the problems of only a few large cities. But, 
with the rise of advanced technology and with the rapid spread of industrialization and 
the concomitant increase in human populations to unprecedented levels, pollution has 
become universal problem. 
The ultimate control of pollution will presumably involve the decision not to 
allow the escape into the environment of the substances that are harmful to life, the 
decision to contain and recycle those substances that could be harmful if released into 
the environment in excessive quantities, and the decision not to release into the 
environment substances that persist and are toxic to living things. Essentially, therefore, 
pollution control does not mean an abandonment of existing productive human activities 
but their reordering so as to guarantee that their side effects do not outweigh their 
advantages. (Encyclopædia Britannica) 
2.2.2 Sources of pollution 
2.2.2.1 Households 
As the human population has enormously increased and the rate of urbanisation 
has augmented the households has to be taken account when considering the possible 
sources of pollution. 
The consumption way of life, mainly in the occidental societies, leads to 
excessive production of solid trash and wasting of fuel and energy. Municipal water 
pollution consists of waste water from homes and commercial establishments. Domestic 
waste characterizes faecal germs, high levels of organic material, suspended solids, 
detergents and mineral salts (phosphates and nitrates). Sewage in developed countries is 
carried away from the home quickly and hygienically through sewage pipes. Sewage 
disposal is a major problem in developing countries as many people in these areas don’t 
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have access to sanitary conditions and clean water. Untreated sewage water in such 
areas can contaminate the environment and cause diseases such as diarrhoea. 
(Wikipedia) 
2.2.2.2 Industry 
Industry is a huge source of pollution, it produces pollutants that are extremely 
harmful to people and the environment. The characteristics of industrial waste can differ 
considerably both within and among industries. 
Chemical industry releases a wide scale of chemical substances. These include 
inorganic compounds as well as organic, e.g. aldehydes, ketones, phenols, amines, 
polymers, and others. Hydrocarbons are discharged by the petrochemical industry. 
Metallurgy and electronics pollute the environment with metals and metalloids. 
Production of electrical energy is associated not only with the chemical compounds 
rising from combustion of fossil fuels and radionuclides from nuclear pile but also with 
the release of energy in the form of heat. (Ramade, 1992) 
2.2.2.3 Agriculture 
Agriculture, including commercial livestock and poultry farming, is the source of 
many organic and inorganic pollutants. These pollutants can enter waterways through 
untreated sewage, storm drains, septic tanks, runoff from farms and then affect the 
aquatic life. 
Fertilizers and pesticides are used to increase the field yields. Unfortunately the 
profit from their application is accompanied by numerous undesirable and detrimental 
effects. Fertilizers over stimulate the growth of aquatic plants and algae. Excessive 
growth of these organisms clogs waterways, uses up dissolved oxygen as they 
decompose, and blocks light to deeper waters which consequently affects the respiration 
ability of fish and other invertebrates that reside in water. 
Persistent pesticides move through successively higher organisms in food chains, 
they accumulate in increasingly concentrated forms at each level, causing damaging 
effects to the predators at the end of the chains. There is also substantial evidence that 
pesticides lose the ability to control the pests they were designed to kill. Many insect 
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species have developed immunity to a wide range of synthetic pesticides, and the 
resistance is inherited by their offspring. 
Animal wastes are high in nitrogen and phosphorus, and they often harbour 
pathogenic organisms. (Krantz, Kifferstein) 
2.2.3 Types of pollution 
2.2.3.1 Air pollution 
The atmosphere makes possible the existence of life, and in the solar system only 
the planet Earth has an atmosphere capable of sustaining known forms of life. It extends 
above the surface of the Earth to a distance of 20 000 to 70 000 kilometers, but 95 
percent of its total mass is to be found within 19 kilometres of the surface. It is only 
within this zone that life is supported. It is also where water vapour, and hence storms 
and precipitation, occurs. 
Air pollution involves the release into the atmosphere of gases, finely divided 
solids, or finely dispersed liquid aerosols at rates that exceed the capacity of the 
atmosphere to dissipate them or to dispose of them through incorporation into solid or 
liquid layers of the biosphere. Air pollution results from a variety of causes, not all of 
which are within human control. Dust storms in desert areas and smoke from forest and 
grass fires contribute to chemical and particulate pollution of the air. Probably the most 
important natural source of air pollution is volcanic activity, which at times pours great 
amounts of ash and toxic fumes into the atmosphere. 
The best way to protect air quality is to reduce pollutant emissions by changing to 
fuels and processes that are less polluting. Pollutants that are not eliminated in this way 
must be collected or trapped by appropriate air-cleaning devices as they are generated 
and before they can escape into the atmosphere. 
2.2.3.2 Water pollution 
Life originated in the oceans, and the chemical composition of body fluids in land 
animals reflects their primeval origin. The dependence of life on water is complete, it is 
the major constituent of plant and animal cells. Most of the major groups of animals still 
live in water; a relatively small number have adapted to life on dry land. Water is 
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required for a variety of purposes, water for drinking is still paramount, and such water 
must be relatively pure. Other uses are transportation, irrigation, cleaning, cooling agent 
in an electricity plant and a source of energy in hydro-electric plant. 
Water pollution involves the release into lakes, streams, rivers, and oceans of 
substances that become dissolved or suspended in the water or deposited upon the 
bottom and accumulate to the extent that they interfere with the functioning of aquatic 
ecosystems. It may also include the release of energy in the form of radioactivity or 
heat, as in the case of thermal pollution. Any body of water has the capacity to absorb, 
break down, or recycle introduced materials. Under normal circumstances, inorganic 
substances are widely dispersed and have little or no effect on life within the bodies of 
water into which they are released, organic materials are broken down by bacteria or 
other organisms and converted into a form in which they are useful to aquatic life. But, 
if the capacity of a body of water to dissolve, disperse, or recycle is exceeded, all 
additional substances or forms of energy become pollutants.  
Water pollutants may originate from a point source or from a dispersed source. A 
point-source pollutant is one that reaches water from a single pipeline or channel, such 
as a sewage discharge or outfall pipe. Dispersed sources are broad, unconfined areas 
from which pollutants enter a body of water. Surface runoff from farms, for example, is 
a dispersed source of pollution, carrying animal wastes, fertilizers, pesticides and silt 
into nearby streams. Urban storm water drainage is also considered a dispersed source 
because of the many locations at which it enters local streams or lakes. Point-source 
pollutants are easier to control than dispersed-source pollutants, since they flow to a 
single location where treatment processes can remove them from the water. Such 
control is not usually possible over pollutants from dispersed sources, which cause a 
large part of the overall water-pollution problem. Dispersed-source water pollution is 
best reduced by enforcing proper land-use plans and development standards.  
2.2.3.3 Land pollution 
Land pollution involves the deposition on land of solid wastes, e.g., used cars, 
cans, bottles, plastic containers, paper, that cannot be broken down quickly or, in some 
instances, cannot be broken down at all by the action of organic or inorganic forces. 
When such materials become concentrated within any one area, they interfere with 
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organic life and create unsightly accumulations of trash. Methods of disposal other than 
recycling include ocean dumping, which creates water pollution and destroys marine 
habitats, landfill, which often requires the availability of low-lying ground and 
frequently involves the destruction of marshland or swamps that have high biological 
value, and burning, which increases air pollution. 
Land pollution also involves the accumulation on land of substances in dispersed 
solid or liquid form that are injurious to life. This has been particularly noticeable with 
those chemicals (e.g. DDT) that are spread for the purpose of exterminating pests but 
then accumulate to the extent that they can do damage to many other forms of life. 
2.2.3.4 Noise pollution 
One form of pollution that is characteristic of industrial societies is noise. The 
dominant form of noise pollution is from transportation sources, principally motor 
vehicles and aircrafts, office equipment, factory machinery, appliances, power tools, 
lighting hum and audio entertainment systems. 
Principal noise health effects are both health and behavioral in nature. Noise 
pollution can cause annoyance and aggression, hypertension, high stress levels, tinnitus, 
hearing loss, and other harmful effects depending on the level of sound, or how loud it 
is. Noise and other loud sounds can have a detrimental effect on animals by causing 
stress, increasing risk of mortality by changing the delicate balance in predator/prey 
detection and avoidance, and by interfering with their use of sounds in communication 
especially in relation to reproduction and in navigation. (Encyclopædia Britannica) 
2.2.3.5 Light pollution 
Light pollution is a side effect of industrial civilization. Specific categories of 
light pollution include light trespass, over-illumination, glare, clutter, and sky glow. A 
single offending light source often falls into more than one of these categories. 
The consequence of light pollution is the waste of energy, problems with 
astronomical observations and of course the harmful effect on organisms. Life existed 
with natural patterns of light and dark, so disruption of those patterns influences many 
aspects of animal behaviour. Light pollution can confuse animal navigation, alter 
competitive interactions, change predator-prey relations, and influence animal 
2 Theory 
 
 16
physiology. The effects of excessive light on the human body may the increased 
headache incidence, worker fatigue, medically defined stress, decrease in sexual 
function and increase in anxiety. 
2.2.3.6 Thermal pollution 
Thermal pollution is a temperature change in natural water bodies caused by 
human influence. In the Northern Hemisphere, a common cause of thermal pollution is 
the use of water as a coolant, especially in power plants. Water used as a coolant is 
returned to the natural environment at a higher temperature. Increases in water 
temperature can impact on aquatic organisms by decreasing oxygen supply, killing fish 
juveniles which are vulnerable to small increases in temperature, and affecting 
ecosystem composition. On the contrary, in the Southern Hemisphere, thermal pollution 
is commonly caused by the release of very cold water from the base of reservoirs, with 
severe affects on fish (particularly eggs and larvae), macroinvertebrates and river 
productivity. 
2.2.3.7 Radioactive pollution 
Radioactive wastes are waste types containing radioactive chemical elements that 
do not have a practical purpose. Radioactive waste comes from a number of sources. 
The majority originates from the nuclear fuel cycle and nuclear weapon reprocessing, 
however other sources include medical and industrial wastes, as well as naturally 
occurring radioactive materials that can be concentrated as a result of the processing or 
consumption of coal, oil and gas, and some minerals. 
The main objective in managing and disposing of radioactive (or other) waste is to 
protect people and the environment. This means isolating or diluting the waste so that 
the rate or concentration of any radionuclides returned to the biosphere is harmless. To 
achieve this goal the preferred technology to date has been deep and secure burial for 
the more dangerous wastes, transmutation, long-term retrievable storage, and removal to 
space have also been suggested. 
2.2.3.8 Visual pollution 
Visual pollution is the most subjective and impairs the environment perception. It 
can refer to the presence of overhead power lines, motorway billboards, scarred 
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landforms (as from strip mining), open storage of trash or municipal solid waste. 
(Wikipedia) 
2.3 Toxic effects 
Any natural or synthetic substance can become toxic. The determinant is the dose. 
This concept of dose-response dependence was first introduced in the 16th century by 
the German-Swiss physician and alchemist Paracelsus. However, we use the term toxic 
to every substance which in sufficient dose penetrates into the organism by various 
routes and immediately or with delay causes injurious or fatal effect. (Encyclopædia 
Britannica) 
2.3.1 Types of toxicity 
According to the duration of exposure three types of toxicity are distinguished: 
a) Acute toxicity demonstrates almost immediately after an exposure of a 
sufficient single dose or a series of doses received within a 24 hour 
period. The course of intoxication is severe and represents direct threat to 
organism. Death is a major concern in cases of acute exposures. 
b) Subacute toxicity results from repeated exposure for several weeks or 
months.  This is a common human exposure pattern for some 
pharmaceuticals and environmental agents. (Kane) 
c) Chronic toxicity occurs when subcritical doses of a toxic substance enter the 
organism for a long-term period, months or years. This substance 
accumulates and its effects become recognisable after exceeding a certain 
level of concentration in the site of effect. The symptoms appear gradually 
and persist after the exposure termination. Ultimately, the damage becomes 
so severe that the organ can no longer function normally and a variety of 
chronic toxic effects may result. These are often irreversible or need a long-
term cure. (Kolská, 2007) 
2.3.2 Factors influencing toxicity 
The toxicity of a substance depends on the characteristics of harmful agent, 
organism and environment. 
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The form of a substance may have a profound impact on its toxicity. Solubility 
and ionicity implicate resorption, physical state conditions the route of absorption. The 
toxic often undergoes a metabolic change in the organism. Detoxification is the process 
by which a xenobiotic is converted to a less toxic form. This is a natural defence 
mechanism of the organism. Vice versa it is called the bioactivation. Organism is 
usually exposed to many toxic agents. They act independently or their simultaneous 
presence results in varied effect. Antagonism means that one substance reduces the 
toxic effect of the other. Conversely there are two kinds of synergism. Additivity when 
the final effect is the sum of separate toxic effects or potentiation when the final effect 
is greater then simple adding. Dosage is the most important and critical factor in 
determining if a substance will be an acute or a chronic toxicant. Route of 
administration is another factor influencing the rate of toxic effect. Some chemicals may 
be highly toxic by one route but not by others. Two major reasons are differences in 
absorption and distribution within the body. 
The toxicity of a substance varies considerably among different species. Certain 
toxic can be very dangerous for one kind of organism while for the other it is absolutely 
harmless. This is caused by the anatomical and physiological differences. Degree of 
organism damage depends also on individual characteristics. Higher sensitivity usually 
occurs at juvenility or in certain stage of development and at females, during the illness 
and gravity. Individual variations are attributed to variations in genetic material, 
especially in enzymatic apparatus which ensures the biotransformation. (Viala, 1998) 
Answer of an organism to a toxic substance can be modified by changes of 
environmental characteristics. These are for example temperature, altitude and pH, level 
of dissolved oxygen, redox potential and turbidity in aquatic systems. (Gaujous, 1995) 
2.3.3 Manifestations of toxic effects 
Toxic effects, miscellaneous in their nature, target organ and the mode of action, 
are the results of biochemical interaction between toxic substance (and / or its 
metabolites) and the structures of organism. Toxics react either with any structure or 
with specific subcellular particle. Frequent targets are the proteins in the form of 
enzymes, canals in plasmatic membranes and intracellular organelle. Coenzymes, lipids 
and nucleic acids are another target biomacromolecules of harmful agents. Some 
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substances evoke their effect on the spot of contact with the organism. Systemic effect 
on one or several organs appears after toxic absorption and distribution in the body. 
Effects are called reversible when they disappear after interruption of toxic exposure. 
On the contrary they are called irreversible if they persist or even intensify after the 
exposure termination. Toxic effects manifest immediately after the only exposition to 
toxic substance or after a variously lasting latency period. (Viala, 1998) 
Action of harmful agent can visibly manifest by a scale of various effects ranging 
from slight perturbation to death. 
a) Some xenobiotics damage directly the cells of an organ or a tissue and can 
cause their necrosis. For example the caustic effect on mucosa of acids and 
bases. 
b) Toxic substance can influence the biochemical reactions by binding to 
functional groups of enzymes. In such way influenced enzyme doesn’t 
perform its role as catalyst. According to the rate of binding the inhibition is 
either reversible or irreversible when the bond between toxic and enzyme is 
more rigid then the bond between natural substance and enzyme. 
c) As many toxic substances are foreign to living organism they activate 
immune system. The reaction can be both reduced and increased by the 
toxic. 
d) Genetic toxicity results from damage to nucleic acids. This process is known 
as mutagenesis. It leads to change in genetic information and in changes of 
properties of subsequent generations. 
e) Carcinogenicity is a complex multistage process of abnormal cell growth 
and differentiation which can lead to cancer. The cause is a mutation in 
genetic material or a failure in remedial mechanisms which are able to detect 
damaged nucleic acid and repair it. 
f) Teratogenesis refers to the ability of toxic substance to impair developing 
embryo or fetus. Chemicals cause developmental toxicity by two methods.  
They can act directly on cells of the embryo causing cell death or cell 
damage, leading to abnormal organ development.  A chemical might also 
induce a mutation in a parent's germ cell which is transmitted to the fertilized 
ovum. (Kolská, 2007) 
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2.3.4 Toxic effects of heavy metals 
Environmental contamination of ecosystems by heavy metals augments due to 
broad and increasing use of heavy metals and their compounds in industry and 
agriculture. Their toxic potential is very high because of their non biodegradability and 
accumulation behaviour. Many of them are important or even essential for organisms, 
for example because they are a component of enzymes. (Baráková, 2007) However, 
their presence in the atmosphere, soil, and water, even in trace concentrations, can cause 
serious problems to organisms. (Wenhua, 2007) Toxic effects of individual heavy 
metals in mixtures is increased (e.g. copper and mercury) or decreased (e.g. cadmium 
and selenium). (Baráková, 2007)  
In aquatic ecosystems aquatic plants have an important role in the food chain 
since they are primary producers and regulators of oxygen level and at the same time 
play a significant role in the biogeochemical cycling of the elements. (Tea, 2007) Toxic 
levels of heavy metal affect a variety of processes in plants. (Maksymiec, Krupa, 2006) 
Growth diminution has commonly been observed in plants subjected to cadmium (Cd) 
and copper (Cu) ion poisoning situations. These toxic trace pollutants can induce many 
alterations in plant cells, but it is difficult to draw a general mechanism about the 
physiology of stress, since metal toxicity results from complex interaction of metal ions 
with several metabolic pathways. One of the underlying causes of tissues injury 
following exposure of plants to Cd and Cu is the increased accumulation of reactive 
oxygen species mediated-oxidative stress. (Abdelilah, Ezzedine, 2005) 
2.3.4.1 Cadmium 
Cadmium is a silver-white, ductile metallic element belonging to group IIb of the 
periodic table. It melts and boils at relatively low temperatures; its vapour is deep 
yellow and monatomic. It is similar in many respects to zinc but reacts to form more 
complex compounds. The most common oxidation state of cadmium is +2, though 
examples of +1 can be found. The metal is permanent in dry air and becomes coated 
with the oxide in moist air. A rare element (about 0,2 gram per ton in the Earth's crust), 
cadmium occurs in a few minerals and in small quantities in other ores, especially zinc 
ores, from which it is produced as a by-product. Cadmium compounds are used in the 
metal plating and battery industry, and as stabilizing agents in many polyvinyl chloride 
(PVC) products. (Encyclopædia Britannica) 
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Cadmium compounds are extremely poisonous for humans. They are released into 
atmosphere during mining, producing and manufacturing the ores, combusting fossil 
fuels and waste. Phosphate fertilizers contaminate soil and subsequently the field 
products. Effluents from electroplating and Ni-Cd battery production together with 
leaching from soils and polluted rains are the sources of water pollution. The source of 
indoor pollution is cigarette smoke. One cigarette contains 1-2 μg of cadmium and from 
this amount approximately 10 % is absorbed. Average daily income of cadmium is 50 
μg. 
Toxicological significance has the Cd2+ compounds. In spite of a relatively poor 
absorption from the gastrointestinal tract alimentation is main exposure route of 
cadmium to humans. It is bonded to erythrocytes, albumin, alfa-globulines and 
metallothionein in the bloodstream. Toxicity manifests when the cadmium 
concentration exceeds the metallothionein synthesis. Effect mechanism is the inhibition 
of sulfhydryl groups in certain enzymes. 
Acute toxicity effects after consummation of highly contaminated food or drinks 
are nausea, vomiting, diarrhoea, and abdominal pain. After inhalation of cadmium 
vapours acute pneumonia is developed and this passes to pulmonary oedema. 
Manifestations after chronic intoxication differ according to the route of exposure. 
Kidneys are affected after both inhalation and alimentation. Whereas only after the 
pulmonary exposition changes in lungs were described. Another effect is osteomalacia. 
Cadmium is also well known carcinogen and teratogen. 
Therapy lies in administration of edetate calcium disodium. Chelation has to take 
place most readily after the exposition to avoid metal distribution into tissues which 
can’t be reached by chelating agent. Raised income of calcium, zinc, selenium, iron and 
vitamin C serves as cadmium toxicity prevention. (Vopršalová, 1996) 
It is evident that cadmium pollution evokes adverse effects also on ecosystems.  
Various environmental factors affect the uptake and, therefore, the toxic impact of 
cadmium on aquatic organisms. Increasing temperature and low pH increases the uptake 
and toxic impact, whereas increasing salinity or water hardness decreases them. The 
organic content of the water generally decreases the uptake and toxic effect by binding 
cadmium and reducing its availability to organisms. As a consequence of the variability 
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in cadmium uptake, the toxic impact to aquatic organisms also varies across a wide 
range of concentrations and is dependent on the species of organism and on the 
presence of other metal ions, notably calcium and zinc. 
Cadmium is accumulated by many organisms, particularly by microorganisms and 
molluscs where the bioconcentration factors are in the order of thousands. Soil 
invertebrates also concentrate cadmium markedly. It is bound to proteins in many 
tissues. Specific heavy metal-binding proteins (metallothioneins) have been isolated 
from cadmium-exposed organisms. The concentration of cadmium is greatest in the 
kidney, gills, and liver (or their equivalents). Elimination of the metal from organisms 
probably occurs principally via the kidney, although significant amounts can be 
eliminated via the shed exoskeleton in crustaceans. Cadmium has been reported in field 
studies to be responsible for changes in species composition in populations of 
microorganisms and some aquatic invertebrates. 
In plants, cadmium is concentrated primarily in the roots and to a lesser extent in 
the leaves. It affects the growth of plants in experimental studies, although no field 
effects have been reported. The metal is taken up into plants more readily from nutrient 
solutions than from soil. Effects have been mainly shown in studies involving culture in 
nutrient solutions. Cadmium has adverse effects on hydroponically grown plants at 
concentrations in the mg/ l range, whereas plants grown in soil only show reduced 
growth in contaminated soils with hundreds of mg cadmium/kg. Stomatal opening, 
transpiration, and photosynthesis have been reported to be affected by cadmium in 
nutrient solutions. (Environmental Health Criteria) 
2.3.4.2 Copper 
Copper is chemical element of Group Ib of the periodic table. The pure metal is 
soft, tough, ductile, and characteristically reddish in colour and is second only to silver 
in thermal and electrical conductivity.  The Roman supply of copper came almost 
entirely from Cyprus, it was known as aes Cyprium, “metal of Cyprus,” shortened to 
cyprium and later corrupted to cuprum. Copper occurs combined in many minerals, 
such as chalcocite, chalcopyrite, bornite, cuprite, malachite, and azurite. It belongs also 
to the biogenic elements. Copper forms compounds in the oxidation states +1 and +2 in 
its normal chemistry, although under special circumstances some compounds of 
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trivalent copper can be prepared. It has been shown that trivalent copper survives no 
more than a few seconds in an aqueous solution. Copper resists the action of the 
atmosphere and seawater. Exposure for long periods to air, however, results in the 
formation of a thin protective coating of green, basic copper carbonate (patina). The 
major portion of copper produced in the world is used by the electrical industries. Most 
of the remainder is combined with other metals to form alloys. Important series of 
alloys in which copper is the chief constituent are brasses (copper and zinc), bronzes 
(copper and tin), and nickel silvers (copper, zinc, and nickel, no silver). Copper finds 
use also in piping, roofing, coinage, or as a fungicide. (Encyclopædia Britannica) 
In humans copper is an essential element and adverse health effects are related to 
deficiency as well as excess. Copper absorption in duodenum and jejunum is regulated 
by homeostasis mechanisms. Therefore the toxic systemic effect manifests only after 
high intake of copper compounds. Copper absorption is deteriorated by excessive intake 
of zinc, molybdenum, cadmium and vitamin C. In the bloodstream 90-95 % of copper is 
bounded to plasmatic protein ceruloplazmin, the rest to erythrocytes and albumin. Depot 
organs are liver and bone marrow. Recommended daily income is 1,5-3 mg. Bile is the 
main excretion way. 
Copper deficiency is associated with anaemia, neutropenia, growth disturbances, 
skin and hair depigmentation and bone abnormalities. Acute toxicity can be caused by 
consumption of soluble copper compounds. Lethal dosage for copper sulphate is 
approximately 10 g. Toxic manifestations are nausea, gastrointestinal bleeding and 
consequent hypotension and shock. Systemic toxicity refers to damage of liver, kidneys 
and haemolysis. After the exposure to copper vapours and dust in mining and smelting 
works the fever is accompanied by gastrointestinal disorders. Some disorders have a 
well defined genetic basis. These include Wilson disease characterized by increased 
levels of free copper (non-bonded to ceruloplasmin) which leads to metal accumulation 
in liver, brain, kidneys and stratum corneum. Clinical picture is derived from the 
damage of these organs. Secondly it is the Menkes disease. Defect in metallothionein 
synthesis regulation causes excessive levels of copper in tissues which manifests as 
growth and mental retardation and white hairs. 
Intoxication therapy is based on forming insoluble salts. Gastrolavage by 0, 5% 
potassium ferrocyanide solution inhibits the absorption. Other antidotes are                  
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d-penicilamin, dimercaprol and edetate calcium disodium. Elimination can be 
accelerated by haemodialysis. (Vopršalová, 1996) 
The adverse effects on other organisms in the laboratory and field must be 
balanced against its essentiality. Copper is an essential element for all biota, and care 
must be taken to ensure the copper nutritional needs of organisms are met. At least 12 
major proteins require copper as an integral part of their structure. It is essential for the 
utilization of iron in the formation of haemoglobin, and most crustaceans and molluscs 
possess the coppercontaining haemocyanin as their main oxygen-carrying blood protein. 
In plants copper is a component of several enzymes involved in carbohydrate, nitrogen 
and cell wall metabolism. A critical factor assessing the hazard of copper is its 
bioavailability. Adsorption of copper to particles and complexation by organic matter 
can greatly limit the degree to which copper will be accumulated and elicit effects. 
Other cations and pH can also significantly affect bioavailability. 
Copper has been shown to exert adverse reproductive, biochemical, physiological 
and behavioural effects on a variety of aquatic organisms. Copper concentrations as low 
as 1-2 μg/litre have been shown to have adverse effects on aquatic organisms. However, 
large variations due to species sensitivity and bioavailability must be considered in the 
interpretation and application of this information. Although plants require copper as a 
trace element, at high soil levels copper can be extremely toxic. Generally visible 
symptoms of metal toxicity are small chlorotic leaves and early leaf fall. Growth is 
stunted and initiation of roots and development of root laterals are poor. Reduced root 
development may result in a lowered water and nutrient uptake which leads to 
disturbances in the metabolism and growth retardation. At the cellular level, copper 
inhibits a large number of enzymes and interferes with several aspects of plant 
biochemistry (including photosynthesis, pigment synthesis and membrane integrity) and 
physiology (including interference with fatty acids, protein metabolism and inhibition of 
respiration and nitrogen fixation processes). (Environmental Health Criteria) 
2.4 Oxidative stress 
2.4.1 Definition 
Oxidative stress can be defined as an imbalance between oxidants and 
antioxidants in favour of the oxidants, potentially leading to damage. Oxidants are 
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formed as a normal product of aerobic metabolism but can be produced at elevated rates 
under pathophysiological conditions. A quasi-steady state is maintained by an intricate 
pattern of antioxidants. Antioxidant defence involves several strategies, both enzymatic 
and non-enzymatic. In the lipid phase, tocopherols and carotenes as well as oxy-
carotenoids are of interest, as are vitamin A and ubiquinols. In the aqueous phase, there 
are ascorbate, glutathione and other compounds. In addition to the cytosol, the nuclear 
and mitochondrial matrices and extracellular fluids are protected. Overall, these low 
molecular mass antioxidant molecules add significantly to the defence provided by the 
enzymes superoxide dismutase, catalase and glutathione peroxidase. (Sies, 1997) 
2.4.2 Reactive oxygen species 
2.4.2.1 Types of reactive oxygen species 
The term reactive oxygen species (ROS) includes active forms of oxygen and 
hydroperoxides as well as oxygen radicals which can be the initiators of their formation. 
They are often unstable and react with cellular macromolecules. (Lagadic et al., 1997) 
a) Oxygen is a ubiquitous element. Estimates of the proportions of the various 
kinds of atoms in the universe put oxygen the fourth in abundance. 
Excepting anaerobic organisms every living creature takes up oxygen and 
subsequently utilise it in the processes of forming energy. During these 
biochemical reactions oxygen goes through mitochondrial electron 
transporting chains where the organic matter is oxidized, and released energy 
is stored in the form of ATP. Plants, in addition, utilize carbon dioxide as a 
source of carbon and return the oxygen to the atmosphere. (Šuteková, 2006) 
Molecular oxygen O2 is not exceedingly reactive at normal temperatures and 
pressures. It can be reduced to water. Complete reduction which would 
mobilise four electrons in one step is not possible. The intermediate steps of 
oxygen reduction are the formation of the superoxide anion radical, 
hydrogen peroxide and the hydroxyl radical, corresponding to the steps of 
reduction by one, two and three electrons, respectively. (Sies, 1997) 
b) Singlet oxygen (1O2) arises in the thermolyse of endoperoxides and 
photochemical reactions at the level of biological pigments (chlorophylls, 
retinol, flavins and porphyrines) after their illumination in the presence of 
O2. It causes severe damage of DNA. 
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c) Superoxide anion (O2-) is formed mainly in the level of biological 
membranes by capturing one electron by molecular oxygen. It can arise 
during the phagocytosis, electron transportation in chloroplast or in 
enzymatic or spontaneous oxidation reactions. O2- is not the most reactive 
form of ROS but it can damage some cellular targets either directly or via 
the radicals it generates. Because of its stability in hydrophobic milieu it 
contributes to destruction of phospholipids membranes by attacking the 
nucleophilic centres of ester connections between fat acid and glycerol. In 
these reactions O2- acts as oxidation agent. As reduction agent it is presented 
in reactions with enzymes which have the transition metals, such as Fe3+ or 
Cu2+, in their active site.  
d)  Hydrogen peroxide (H2O2) is formed by O2- transmutation during which O2- 
receives second electron resulting in peroxide anion (O22-). This ion isn’t 
radical and is protoned immediately in the physiological pH. H2O2 is 
moderately reactive. It is very diffusible and permeates membrane barriers. 
An intracellular concentration is slight but locally it can reach quite 
increased levels, especially in mitochondria and peroxysomes. 
e) Hydroxyl radical (OH°) with a lifetime of a few nanoseconds, is the most 
important free radical of biological and toxicological significancy, because 
of its extreme oxidative potential and indiscriminate reactivity with cellular 
components. OH° results from the homolytic fission of the liaison O-O in the 
H2O2 molecule. It is produced by the thermic reactions, ionization radiation 
and Fenton-like reactions. The last mentioned reactions occur in the presence 
of reduced form of transition metals. Equation with the ferrous ion such as 
catalyzer is following: 
Fe2+ + H2O2 → Fe3+ + OH° + OH- 
In vivo the first step is the metal reduction by O2- . The second step is 
the Fenton reaction with H2O2. The whole process can be described as: 
O2- + H2O2 → O2 + OH° + OH- 
OH° is extremely reactive and damages the structures in the place of 
origin. Because of its slight diffusion it was considered to be only a little 
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dangerous by certain authors. But it can generate from the more diffusible 
O2- and H2O2 in different cellular sites and thus attack all cellular 
constituents. OH° combines with purin and pyrimidin bases of nucleic acids, 
by detaching the hydrogen atom from the unsaturated fat acids initiates 
lipoperoxidation and degrades aminoacids. 
f) Lipid hydroperoxide (L-OOH) are the outcomes of lipoperoxidation. The 
process of lipid peroxidation is composed of a set of chain reactions. Initiator 
can be every molecule which is sufficiently reactive to detach the hydrogen 
atom from the polyunsaturated fat acids. It is usually OH°. O2- is not enough 
reactive but together with H2O2 participates indirectly as the OH° precursors. 
LH + R° or OH° → L°+ RH or H2O 
Carbon radical tends to stabilize by rearranging the internal structure. 
This leads to conjugated diene which reacts with O2 and forms peroxyl 
radical (L-OO°). Peroxyl radical can subsequently attack membrane 
proteins, react with another peroxyl radical or detach hydrogen radical from 
adjacent membrane lipid to form the hydroperoxyl radical and in such way 
propagate the processus of lipoperoxidation. 
L1° + O2 → L1OO° 
L2H + L1OO° → L2°+ L1OOH 
Termination of lipid peroxidation is the result of interactions of lipid 
radicals and/or formation of nonradical species. The resulting LOOH can 
easily decompose into several reactive species including lipid alkoxyl 
radicals, aldehydes (e.g., malondialdehyde, HOC–CH2–CHO), alkanes, lipid 
epoxides, and alcohols. (Lagadic et al., 1997) 
2.4.2.2 Sources of reactive oxygen species 
Radical reactions play an important role in the biological systems because they 
intervene in the metabolic reactions and production of energy. ROS are key 
intermediate in the cellular respiration, photosynthesis, prostaglandin and leucotrien 
syntheses and phagocyte activity. (Lagadic et al., 1997) Regulated production of free 
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radicals in higher organisms and maintenance of redox homeostasis are essential for the 
physiological health of organisms. 
During the metabolic processes, a small proportion (2–3 %) of free radicals may 
escape from the protective shield of antioxidant mechanisms, causing oxidative damage 
to cellular components. Other endogenous sources of ROS within cells are several 
oxidizing enzymes, such as tryprophan dioxygenase, xanthine oxidase, and cytochrome 
P450 reductase, which can produce O2-, while enzymes such as guanyl cyclase and 
glucose oxidase generate H2O2. Many chemical toxic pollutants and their metabolites 
express their toxicity via oxidative stress. Of particular interest to toxicology are 
xenobiotics that are capable of redox cycling. Among these pollutants belong transition 
metals, quinones, dyes, bipyridyl herbicides, and aromatic nitro compounds. 
(Valavanidis, 2006) During the redox cycling the parental compound is firstly reduced 
into radical. This radical then provides the impair electron to the O2 molecule. Resulting 
particles are the superoxide anion and original xenobiotic. (Šuteková, 2006) Oxidants 
are also generated by different types of radiation, with X-irradiation generating the 
hydroxyl radical and irradiation with ultraviolet light generating electronically excited 
states with subsequent radical formation. Ultrasound and microwave radiation can also 
generate reactive oxygen species. (Sies, 1997) 
2.4.2.3 Effects of reactive oxygen species 
ROS lead to important changes in cells (enzyme inactivation, lipid peroxidation, 
DNA damage) and eventually to the cell death. Nevertheless, dysfunction of control 
mechanisms of physiological reactions and the overproduction of ROS lead to the 
oxidative damages only when the antioxidant capacity was exceeded and the reparation 
and compensation cellular ability became ineffective. Place of action depends on 
diffusibility and stability of each ROS. Extremely instable ROS cause damage in the 
place of formation whereas the species less reactive have more vast area of diffusion 
and thus damage cellular constituents remote from the place of origin. (Lagadic et al., 
1997) In the level of multicellular organism oxidative stress can cause mutation, 
carcinogenesis, some diseases (Alzheimer disease, Parkinson disease, aterosklerosis, 
etc.), accelerate aging and the total end-point is the death of organism. (Šuteková, 2006) 
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Membrane phospholipids of aerobic organisms are continually subjected to 
oxidant challenges from endogenous and exogenous sources. Peroxidized membranes 
and lipid peroxidation products are toxic and active mutagens. Lipid peroxidation 
products may form DNA adducts giving rise to mutations and altered patterns of gene 
expression. (Valavanidis, 2006) Peroxidized membranes become rigid, lose 
permeability and integrity and the receptors and enzymes in their structure are 
inactivated. Final result can be the lyse of organelle like mitochondria or lysosomes 
which is accompanied by release of enzymes catalyzing the protein, nucleic acids and 
polysaccharide hydrolysis. (Lagadic et al., 1997) Cumulative effects of lipid 
peroxidation have been implicated as underlying mechanisms in numerous pathological 
conditions in humans (atherosclerosis, hemolytic anemias, ischemia, etc.) and other 
organisms. (Valavanidis, 2006) 
Protein oxidation reactions involve various propagating radicals and ROS and the 
results are oxidative modifications of amino acid side chains. Membrane proteins are 
particularly sensitive to alkoxy and peroxy radicals. Aggregation, chain bridging or 
fragmentation demonstrates as the perturbation of ion transport, enzymatic activity and 
receptor function of different proteins. Oxidized proteins are more susceptible to 
enzymatic proteolysis. Subsequently the increased protein hydrolysis can lead even to 
tissue damage. At plants, the oxidation of complex pigments-proteins in the chloroplasts 
causes the pigment degradation which exhibits as leaves yellowing and browning. 
(Lagadic et al., 1997) Oxidatively modified proteins accumulate during aging and in 
pathologies such as atherosclerosis. 
DNA in cellular nuclei is another key cellular component that is particularly 
susceptible to oxidative damage by ROS. The polyanionic nature of DNA provides a 
useful substrate for infiltration through membranes and adherence of metal cations, thus 
facilitating the formation of OH° adjacent to these critical biological targets 
(Valavanidis, 2006). Oxidative DNA damage is increased during aging, cancerogeneses 
and degenerative processes. The most genotoxic ROS are 1O2 and OH°. They modify 
mainly the guanine which is used extensively as a biomarker for cellular oxidative stress 
and genotoxicity in living organisms but also other bases can be altered. (Lagadic et al., 
1997) Other OH° attacks can be directed toward the sugar–phosphate backbone of 
DNA, causing different lesions, including apurinic sites where the base has been 
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removed, fragmentation of deoxyribose with single-strand breaks, and oxidation of the 
sugar moiety. (Valanidis, 2006) 
2.4.3 Antioxidative system 
Antioxidant is any substance that when presents at low concentrations compared 
with that of an oxidizable substrate, significantly delays or inhibits oxidation of that 
substrate. This definition includes compounds of a non-enzymatic as well as an 
enzymatic nature. (Sies, 2007) 
Three main mechanisms of antioxidant activity developed in living organisms are 
targeted at elimination of ROS and the catalysers of their formation, induction of 
antioxidants syntheses, and augmentation of reparation and elimination systems activity 
of impaired molecules. ROS formation can be inhibited by four different ways. 
Metalloproteins eliminate OH° creation by imprisonment of metal catalysers. 
Transferrin and ferritin play that role for ferrum in mammals. Ceruloplasmin and 
cupreins for the cuprum. Radical initiators of the cellular impairment are captured by 
trap molecules. Key intermediates, O2- and H2O2, are inactivated in the enzymatic 
processes. The last way of inhibition is the breakage of propagation of chain reactions. 
(Lagadic, 1997)  
2.4.4 Enzymatic antioxidative system 
All cells in eukaryotic organisms contain powerful antioxidant enzymes. The 
three major classes of antioxidant enzymes are the superoxide dismutases, catalases and 
glutathione (GSH) peroxidases. In addition, there are numerous specialized antioxidant 
enzymes reacting with and, in general, detoxifying oxidant compounds. Different 
subcellular sites and different cell types may contain varying amounts of the antioxidant 
enzymes. (Sies, 2007) 
2.4.4.1 Superoxide dismutases 
Superoxide dismutases (SOD; EC 1.15.1.1) regroup metalloenzymes catalyzing 
O2- transformation. SOD differ in their structure but everyone contains transition metal 
(Fe, Mn or Cu) in it’s active site. During the transformation reaction, metal ion captures 
one electron from the O2- and transfers it into the imidazole nucleus of histidine in the 
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active site. Arising H2O2 is still very reactive and is subsequently detoxified by 
peroxidases and catalases. Reaction can be described as: 
O2- + O2- + 2H+→ H2O2 + O2 
The first group of SOD represents enzymes containing copper and zinc       
(CuZn-SOD). Zinc doesn’t have catalytic activity but stabilizes the active site. These 
enzymes occur in cytosol and they were detected in peroxysomes, lysosomes, 
chloroplasts and nuclei of the eukaryotic cells. Their presence at prokaryotes is 
exceptional. 
Enzymes containing mangan (Mn-SOD) and ferrum (Fe-SOD) are structurally 
related. Mn-SOD are inductible by O2- which is not the case of Fe-SOD. Mn-SOD are 
presented at prokaryotes and in mitochondrial matrix at eukaryotes. Fe-SOD occur at 
prokaryotes and in chloroplasts and peroxysomes of some plants. 
Every SOD is reversibly inactivated by the metal elimination from the active site, 
e.g. by chelators. Fe-SOD and CuZn-SOD are inhibited by H2O2. In addition         
CuZn-SOD is suppressed also by cyanides. Mn-SOD activity is disturbed at pH 
9  whereas CuZn-SOD stability is pH-independent. SOD inhibition or genetic 
deficiency lead to increased sensibility to oxidants. This demonstrates as diminution of 
development and elevated rate of mutagenesis at bacteria. At higher organisms, the 
viability and reproduction can be affected. (Lagadic, 1997) 
2.4.4.2 Peroxidases 
Peroxidases (POD) constitute vast range of enzymes catalyzing conversion of 
various peroxides to corresponding alcohols. While catalases use another molecule of 
H2O2 during the H2O2 reduction, POD utilize another cofactors. (Šuteková, 2006) 
Glutathion-peroxidases (GPx; EC 1.11.1.9) catalyze the peroxides transformation 
by using the reduced form of gluthathion (GSH): 
ROOH + 2GSH → ROH + H2O + GSSG 
According to the dependence on the selenium atom several kinds of GPx can be 
distinguished. Glutathione-peroxidase-selenium-dependent (SeGPx) has a selenium 
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atom in the active site of every subunite. SeGPx is a tetramer. The deficit of selenium 
brings activity diminution and is associated with necroses and inflammatory reactions. 
SeGPx is localized in cytosol and mitochondrial matrix, it is absent in chloroplasts. 
Inhibitors of SeGPx enzymatic activity are thioloprives such as cadmium, plumbum and 
some organic compounds like N-ethylmaleinimid and Triton X. Phospholipide-
hydroperoxide-glutathion-peroxidase (PLGPx; EC 1.11.1.12) is monomeric. PLGPx is 
less exigent of selenium occurrence and it is specifically inhibited by iodoacetate. The 
main role of this cytosolic enzyme is the protection of liposomes and biomembranes 
against the peroxidative changes. 
Ascorbate-peroxidases (APx) are located only in plants, in chloroplasts. The 
utilized cofactor is the reduced form of ascorbate. 
GPx activity depends on the presence of the reduced form of glutathione. The 
homeostasis between the reduced (GSH) and oxidized (GSSG) form is maintained by 
NADPH-dependent glutathione reductase (GR). GR is dimeric flavoprotein. NADPH 
originates from pentose cycle or photosynthesis in plants. Catalyzed reaction can be 
described as: 
GSSG + NADPH+H+ → 2 GSH + NADP+ 
Sufficient amount of reduced ascorbate provides monodehydro and dehydro 
ascorbate reductase. (Lagadic, 1997) 
2.4.4.3 Catalases 
Catalases (CAT; EC 1.11.1.6) are tetrameric hemoproteins which have the atom 
of iron in every subunit. Contrary to POD, CAT catalyze only the H2O2 reduction into 
the molecule of water and oxygen: 
H2O2 + H2O2 → 2 H2O + O2 
CAT are presented at prokaryotes and eukaryotic peroxysomes. In plant cells they 
are localised also in glyoxysomes. (Lagadic, 1997) 
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2.4.5 Non-enzymatic antioxidative system 
Non-enzymatic antioxidants are low molecular compounds. Their goal is to 
intercept a damaging species, once formed, to prevent it from further deleterious 
reactions. This is the process of deactivation. For radical compounds, the final 
deactivation consists of the formation of non-radical and non-reactive end-products. 
A second objective of biological importance is to transfer the radical function away 
from more sensitive target sites to compartments of the cell in which an oxidative 
challenge would be less deleterious. In general, this means transferring the oxidizing 
equivalents from the hydrophobic phases into the aqueous phases, e.g. from the 
membrane to the cytosol or from lipoproteins to the aqueous phase of the plasma. 
Biologically, the most efficient intercepting antioxidants combine optimal properties for 
both these objectives: first, they react with initial free radicals, such as lipid peroxyl 
radicals, at suitable rates; and second, they are capable of interacting with water-soluble 
compounds for their own regeneration. (Sies, 2007) 
2.4.5.1 α-Tocopherol 
α-Tocopherol (vitamin E) is a lipid-soluble antioxidant associated with biological 
membrane of cells, especially the membrane of photosynthetic apparatus. It stabilizes 
membranes, and scavenges and quenches various reactive oxygen species (ROS) and 
lipid soluble byproducts of oxidative stress. α-Tocopherols also function as recyclable 
chain reaction terminators of polyunsaturated fatty acid radicals generated by lipid 
oxidation. 
Because of their chromanol ring structure, tocopherols are capable of donating a 
single electron to form the resonance - stabilized tocopheroxyl radical. This radical can 
be then recycled back to the corresponding α-tocopherol by reacting with ascorbate or 
other antioxidants. (Hong Bo, 2008) 
2.4.5.2 Carotenoids 
Carotenoids belong to the lipid-soluble group of antioxidants. Carotenoid 
pigments are widely distributed in nature, where they play an important role in 
protecting cells and organisms. Carotenoids such as lycopene and β-carotene are 
important biological compounds that can inactivate electronically excited molecules, 
including singlet oxygen generated by photochemical reactions or enzymatically or by 
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the process of lipid peroxidation of biomembranes. Carotenoids may also participace in 
free radical reactions. (Di Mascio, 1991) 
2.4.5.3 Ascorbic acid 
Ascorbic acid (AA) is an important water soluble antioxidant which occurs in the 
majority of plant cell types, organelles and apoplast. It effects many physiological 
processes including the regulation of growth, differentiation and metabolism of plants. 
AA is synthesized in the mitochondria and is transported to the other cell components 
through a proton – electrochemical gradient or through facilitated diffusion. 
AA has a fundamental role in the plant defence system. It scavenges and reacts 
non-enzymatically with O2-, H2O2 and 1O2. In the ascorbate-glutathione cycle, two 
molecules of AA are utilized by APx to reduce H2O2 to water with concomitant 
generation of monodehydroascorbate. Monodehydroascorbate is a radical with a short 
life time and can dispropotionate into dehydroascorbate and ascorbic acid. The elektron 
donor is usually NADPH and catalyzed by monodehydroascorbate reductase. AA has an 
additional role in protecting and regenerating oxidized carotenoids or tocopherols. AA 
thus influences many enzyme activities, and minimizes the damage caused by oxidative 
process through synergic function with other antioxidants. (Hong Bo, 2008) 
2.4.5.4 Glutathione 
Glutathione is a tripeptide (α-glutamyl cysteinylglycine), which has been detected 
virtually in all cell compartments such as cytosol, chloroplasts, endoplasmic reticulum, 
vacuoles and mitochondria. Glutathione is the major source of non-protein thiols in 
most plant cells. 
The chemical reactivity of the thiol group of glutathione makes it particularly 
suitable to serve a broad range of biochemical functions in all organisms. The 
nucleophilic nature of the thiol group also is important in the formation of mercaptide 
bonds with metals and for reacting with selected electrophiles. This reactivity along 
with the relative stability and high water solubility of GSH makes it an ideal 
biochemical to protect plants against stress including oxidative stress, heavy metals and 
certain exogenous and endogenous organic chemicals. (Hong Bo, 2008) Glutathione is 
the most important cellular thiol, acting as a substrate for several transferases, 
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peroxidases, and other enzymes that prevent or mitigate the deleterious effects of 
oxygen free radicals. (Di Mascio, 1991)  High GSH/ GSSG ratio maintained by GR is 
crucial for protection against oxidative damage. (Mishry, 2006) 
GSH can participate in the cell defence also as a substrate for phytochelatins 
(PCs) syntheses. PCs are small metal binding peptides with the structure (γ-Glu-Cys)n-
Gly, where value of n varies from 2 to 11, and are induced by various metals 
particularly by Cd. PCs are synthesized from GSH by the action of enzyme 
phytochelatin synthase (PCS). After chelation of metal with PCs, the complexes are 
transported inside vacuoles. PCs may transport metal from root to shoot. (Mishra, 2006) 
For metals other than Cd, there are few studies demonstrating the formation of PC-
metal complexes either in vitro or in vivo. However, the only PC complexes identified 
in vivo were with Cd, Ag, and Cu ions. Except for phytochelatins there exist another 
heavy-metal binding ligands called metallothioneins (MT) in plant cells. MT are low 
molecular weight, cysteine-rich, metal-binding proteins. Their role is similar to PCs. 
The difference is in their formation. PCs are enzymatically synthesized peptides, 
whereas MTs are gene-encoded polypeptides. (Cobbet, Goldsbrough, 2002) 
2.5 Biomarkers 
2.5.1 Definition 
According to Lagadic et al., 1997 biomarker is a molecular, biochemical, cellular, 
physiological or behavioral change which can be observed and/ or measured after the 
previous or present exposition of an individual to at least one chemical compound with 
a polluting characteristics. 
Research on biomarkers is frequently carried out on the entire plant or only on the 
leaves (for Magnoliophyta) and there is little information on the stress response in the 
different parts of a plant. However, these responses can be very different, according to 
the degree of exposure and the physiological role of the different parts of the plant. The 
principal biomarkers tested are ‘measurable responses’ that occur in photosynthetic 
activity, enzymatic processes of nutrition, secondary metabolite synthesis, oxidative 
stress and/or detoxification mechanisms. 
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Biomarker utilization in monitoring programs for environmental quality is 
increasingly common. In contrast to the simple measurement of contaminants 
accumulating in tissues, biomarkers can offer more complete and biologically more 
relevant information on the potential impact of toxic pollutants on the health of 
organisms. (Ferrat, 2003) The aim of the use of biomarkers is to predict the long-term 
effects on low-molecular levels, estimate the state of the environment and identify the 
eventual problems at the earliest possible time in order to be able to avoid the negative 
effects on populations (also on the humans) and subsequently on the whole ecosystems. 
Other research objectives are targeted at finding non-destructive and non-invazive 
biomarkers, increase their sensitivity, accuracy, reproductibility and price and time 
effectiveness. (Šuteková, 2006) 
2.5.2 Types of biomarkers 
Potential biomarker is any change which appears as a reaction to stressor 
(xenobiotics, desease, changes in physical conditions of the environment) and moves 
the organism’s reaction outside the normal state. One type of stressor can initiate the 
formation of several biomarkers. 
Theoretically, biomarkers can be determined on every level of biological 
organisation, from molecules to ecosystems. Higher complexity of biological system 
brings increased amount of potential biomarkers, their sensitivity diminution and 
variability augmentation. Time and distance are got away from the deterioration as well. 
After that it is very difficult to classify the observed biological change to a particular 
toxicological effect on a primary target (molecule). Also the effective intervention 
against the toxic is decreased and the chance to prevent the individuals or populations 
from the irreversible damage is low. Therefore it is preferable to use the biomarkers on 
lower levels of biological hierarchy where the responses are fast, sensitive and easily 
interpreted. (Šuteková, 2006) 
There are distinguished three types of biomarkers in the ecotoxicology: 
a) Biomarkers of exposition indicate that the pollutant presented in the 
environment has penetrated into the organism. Generally, they are the results 
of the interaction between the pollutants and the biological molecules in the 
tissues or body fluids. Hence, for example the formation of DNA adducts is 
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commonly used in humans or animals like a biomarker of carcinogenic or 
genotoxic molecules. 
b) Biomarkers of effect allow to prove that the xenobiotic had entered the 
organism and that after its distribution into the different tissues it has taken a 
toxic or non-toxic effect on the target structure. Some of these biomarkers 
can be specific for an exact taxonomy group; others can be applied in every 
organism (e.g. stress proteins). The specifity of biomarkers depends also on 
tissular distribution and on the nature and properties of the toxic substance. 
General stress symptoms, so called non-specific, (e.g. change of the weight 
of organism) describe the effects evoked by a great number of stress factors, 
as well as by pollutants, physicochemical factors or biological nature. In this 
case biomarkers bring information about a global impact of changing 
environment. More specific biomarkers are the answers of the whole 
organism or its tissues which can be associated with a particular group of 
xenobiotics.  These indicators are biochemical parameters, histopatological 
alterations, cellular alterations and immunological responses. 
c) Biomarkers of sensitivity are the factors which change the organism’s 
response to a xenobiotic. They’re genetically based and appear as a response 
to the selection on population made by a toxic molecule. (Lagadic et al., 
1997) 
2.5.3 Biomarkers of oxidative stress 
The balance between prooxidant endogenous and exogenous factors (i.e., 
environmental pollutants) and antioxidant defenses (enzymatic and nonenzymatic) in 
biological systems can be used to assess toxic effects under stressful environmental 
conditions, especially oxidative damage induced by different classes of chemical 
pollutants. Diverse array of pollutants stimulates a variety of toxicity mechanisms, such 
as oxidative damage to membrane lipids, DNA, and proteins and changes to antioxidant 
enzymes. (Valavanidis, 2006) 
2.5.3.1 Biomarkers of lipid peroxidation 
This is probably the most extensively investigated process in tissue injury induced 
by free radicals but, because the direct analysis of endogenous lipid peroxidation 
products is complicated, most methods measure the levels of secondary oxidation 
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products (aldehydes and ketones). The most widely used assay for lipid peroxidation is 
malondialdehyde (MDA) formation as a secondary lipid peroxidation product, with the 
thiobarbituric acid reactive substances test. Various studies with experimental animals 
demonstrate that free radical peroxidation by xenobiotics increases MDA in urine or 
tissue samples. Another analytical method for measurement of lipid peroxidation is the 
determination of diene conjugation from the polyunsaturated fatty acids. More accurate 
chromatographic analytical techniques to simultaneously detect different lipid 
peroxidation degradation products, have been developed recently, such as the Gas 
Chromatography-Electron Capture Detection method for eight different degradation 
products (e.g., acetaldehyde, butanal, hexanal, etc.). (Valavanidis, 2006) 
Increase in the MDA concentration in different plants after the heavy metals 
exposure was approved in several studies (Zhang, 2007, Guo, 2007, Mishra, 2006, 
Srivastava, 2006, Hegedüs, 2001, Chaoui, A. Ferjani El E, 2005, Hou, 2007) 
2.5.3.2 Biomarkers of in vivo oxidative damage to DNA 
These are used for specific modifications and hydroxylations of purine and 
pyrimidine bases and for damage to the deoxyribose-phosphate backbone and protein-
DNA cross-links. Although the presence of background levels of oxidized nucleotides 
in urine implies that these processes also occur under physiological conditions, 
exposure to some xenobiotics may cause increasing oxidative damage which can be 
determined by various assays. Most of these analytical assays have been focused on 
measuring the hydroxylation by OH° of the nucleobase guanosine and its free base      
8- hydroxyguanine, in urine as an indirect method for oxidative damage by free radicals. 
Also, determination of 8-OH°G has been used extensively in recent years as a 
biomarker for carcinogenesis. Two other hydroxylation products of oxidative damage to 
DNA are thymine glycol and thymidine glycol. These products when formed are 
excised from DNA in tissues and eliminated from blood into urine without further 
metabolism. The quantitative measurement of 8-OH°G has been applied also to aquatic 
organisms and other animals as a complimentary biomarker of oxidative stress in 
relation to environmental pollutants. (Valavanidis, 2006) 
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2.5.3.3 Biomarkers of protein oxidation 
These measure mainly carbonyl derivatives of proteins, especially the oxidation 
products of phenylalanine and tyrosine amino acids. The oxidation of tyrosine results in 
the formation of dityrosine which has been demonstrated to be a valuable cellular or 
urinary marker of oxidative stress. The aldehyde groups formed from protein oxidation 
can be derivatized into two major products, namely g-glutamyl semialdehyde and        
2-amino-adipic semialdehyde, which can be identified in biological samples by HPLC 
and Mass Spectrometry. Biomarkers of protein oxidation caused by environmental 
pollutants, through free radical reaction mechanisms, have been applied so far only for 
measurements in tissues or plasma in living organisms. These measurements are for 
invasively obtained samples, but future studies are exploring the possibility to measure 
these oxidation products by noninvasive sampling of urine. (Valavanidis, 2006) 
2.5.3.4 Antioxidant defenses in aerobic organisms as biomarker of oxidative stress 
Endogenous and exogenous oxidative challenges have endowed living cells of 
aerobic organisms with sophisticated antioxidant systems (enzymatic and 
nonenzymatic) to regulate oxidative stress. Cellular antioxidant defense systems in 
biological systems, when exposed to environmental pollutants, are depleted, but levels 
of these antioxidants in living organisms may rise also to redress the imbalance caused 
by the oxidative damage. Antioxidant defenses, which are generally ubiquitous in 
animal species and different tissue types, are found widely in aquatic organisms. 
Measurements of their depletion can be used as biomarkers for adverse health effects by 
xenobiotics. (Valavanidis, 2006) 
There are several enzymes in plants which are used as the biomarkers of oxidative 
stress. Analytical methods are based on the change in absorbance after enzymatic 
catalysed reactions. One of the ubiquitous enzymes in organism is SOD. It plays a key 
role in cellular defence mechanisms against ROS. The spectrophotometric assay is 
based on the SOD-mediated inhibition in the rate of nitroblue tetrazolium reduction to 
the blue formazan by O2- generated by xanthine/ xanthine oxidase. CAT activity is 
measured by the decrease of H2O2. POD catalyses the transformation of guaiacol to 
tetraguaiacol (brown product) in the presence of H2O2. APX uses ascorbate as a 
substrate. Glutathione reductase (GR) is determined from rate of NADPH oxidation as 
measured by the change in absorbance. 
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In majority of the researches on various plants increasing activity of SOD, POD, 
APX and GR and depletion or no change of CAT correlates with increasing 
concentrations of heavy metals and/ or longer duration. (Singh, 2006, Drazkiewicz, 
2007, Nimptsch 2005, Hegedüs, 2005, Guo 2007, Toppi, 2007, Maksymiec, Krupa, 
2006) While Srivastava, 2006, Monnet, 2006 and Hou, 2007 described increasing 
activity of SOD, APX but the activity of CAT and GPX increased only in low 
concentrations and/ or in the beginning of the testing. This initial stimulation followed 
by decrease at higher concentration and duration in all antioxidant enzymes was found 
by Zhang, 2007 and Mishra, 2006. Chaoui, 2005 observed the increase only in GPX 
whereas SOD and CAT showed no change. 
Main non-enzymatic biomarkers of oxidative stress are thiol compounds. The 
amount of total glutathione (GSH and GSSG) is measured usually fluorometrically. 
Bruns, 2001 and Maksymiec, 2007 evidenced augmentation of GSH syntheses after the 
heavy metals contamination. Mishra, 2006 and Toppi, 2007 observed a significant 
increase in GSH followed by depletion at higher concentrations. Decrease in GSH 
concentration was described by Srivastava, 2006 and Drazkiewicz, 2007. This reduction 
can be explained by consumption of GSH for the PCs formation. GSSG content always 
increased in concentration and duration gradient. Another biomarker is the increasing 
level of non-protein thiol compounds (NP-SH) (Bruns, 2001, Singh, 2006) which can 
decrease in higher concentrations and time. (Srivastava, 2006, Mishra, 2006). Cystein 
proves the same changes in concentrations as NP-SH. (Bruns, 2001, Singh, 2006, 
Srivastava, 2006, Mishra, 2006) 
Reduction in AA concentration was approved by Singh, 2006 and Toppi, 2007 as 
a result of heavy-metal induced oxidative stress. 
2.5.4 Biomarkers of heavy metal pollution 
PCs as metal-binding proteins can also serve as biomarkers. Although both 
induction of PCs in vivo and activation of PC synthase in vitro are conferred by a range 
of metal ions, there is little evidence supporting a role for PCs in the detoxification of 
such a wide range of metal ions. (Cobbet, Goldsbrough, 2002) Increased levels of PCs 
in macrophytes after the exposure to cadmium were described by Toppi, 2007, 
Maksymiec, 2002 and Mishra, 2006 whereas Bruns, 2001 observed the absence of PCs 
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in heavy metal-exposed bryophytes. Elevation after the copper exposure was less 
significant. (Maksymiec, 2006, Srivastava, 2006) PC-metal complexes are identified by 
using the HPLC separation. (Maksymiec, 2006, Srivastava, 2006) 
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3 Materials and methods 
3.1 Plant material 
Algal, mosses and other macrophytic plants represent important constituents of 
aquatic ecosystems. They are involved in oxygen production, nutrient cycling, sediment 
stabilization and providing habitat and shelter for aquatic life. The use of aquatic plants 
in water quality assessment has been common for years as in-situ biomonitors (sentinel 
species), but they were also used to remove suspended solids, nutrients, heavy metals, 
toxic organics and bacteria from acid mine drainage and agricultural, landfill and urban 
stormwater runoff, this is also called phytoremediation. They are used in ecological 
surveys as due to their ability to accumulate chemicals, and due to the fact that they 
comprise an important component of benthic primary production in rivers, lakes and 
wetlands. The pollutants taken up by rooted submerged macrophytes like Myriophyllum 
sp. represent the bioavailable, free-contaminant concentrations in the sediment 
interstitial water, as well as the contamination in the water column, if present. 
(Nimptsch et al., 2005) 
During this study, tests were provided on macrophytic plant Myriophyllum 
alterniflorum DC, called alternate water milfoil (pict.1, 2). This perennial submerged 
aquatic herb occurs naturally in still or slow-moving fresh waters in North America and 
Europe. Leaves are formed in a whorl of 3-5. They are usually shorter then the stem 
internodes and pinnately divided. Flower spikes are held above the water. Flowers are 
small and unremarkable. Fruit is 4-lobed nut with one seed per lobe. More common 
type of reproduction is asexually by budding. (Boundary waters compendium) 
Taxonomical classification: 
Kingdom  Plantae 
Division  Magnoliophyta 
Class  Magnoliopsida 
Subclass  Rosidae 
Order  Haloragales 
Family  Haloragaceae 
Genus  Myriophyllum 
Species  Myriophyllum alterniflorum DC 
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Picture 1: Myriophyllum sp. in laboratory. (Mosses and Lichens of Haut-Languedoc) 
 
Picture 2: Myriophyllum alterniflorum DC in natural environment. (Museum of 
natural history in Oslo) 
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3.2 Sampling 
Samples of Myriophyllum alterniflorum DC were collected in the upper stream of 
the river Vienna in October 2007. This part of the river course near the bridge of 
Fournet in Rempnat, departement Haute Vienne, is considered to be unpolluted. Exact 
collecting point is marked on the map (pict. 3). Harvested plants were voided of the 
small sediment particles and animals and transported in the box with river water. 
 
 
 
Picture 3: Map of the collecting point. 
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In the laboratory water milfoil was rinsed several times with deionised water. 
Until the tests plants were kept in aquariums with Hoagland’s solution (Table 1) in 
controlled room at the temperature of 8°C, 70% humidity and light period of 10 hours. 
For the experiments 2 g of fresh weight of biomass was put into each flask with 
Hoagland’s solution and appropriate heavy metal concentrations. Only the apices were 
used. Myriophyllum alterniflorum DC samples were grown in 0,25, 0,50 and 0,75mM 
solutions of CuSO4.5H2O and CdCl2.2,5H2O under the conditions in the controlled 
room for 1, 3 and 6 days. Flasks containing only the plant material and Hoagland’s 
solution served as control samples. Cultivation was realized in the Laboratory of  
Pharmaceutical Botany in the Faculty of Pharmacy.  
After the cultivation plants were removed from the solutions and were saved in a 
freezer at the temperature of -80°C until the enzyme extractions. 
 
Table 1: Composition of Hoagland’s solution 
3.3 Material 
3.3.1 Chemicals: 
boric acid cadmium chloride 2,5-hydrated 
Hoagland's solution 
compound stock solution use ml/ l 
MgSO4.7H2O 24,6 g/ 100 ml 1 
CaNO3.4H2O 23,6 g/ 100 ml 2,3 
KH2PO4 13,6 g/ 100 ml 0,5 
KNO3 10,1 g/ 100 ml 2,5 
H3BO3 2,86 g/ 1 l 
MnCl2.4H2O 1,82 g/ 1 l 
ZnSO4.7H2O 0,22 g/ 1 l 
Na2MoO4.2H2O 0,09 g/ 1 l 
0,5 
FeCl3.6H2O 0,121 g/ 250 ml 
EDTA 0,375 g/ 250 ml 
20 
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calcium nitrate tetrahydrated 
copper sulphate 5-hydrated 
deionised water 
dipotassium hydrogenphosphate 
disodium molybdenate dehydrated 
EDTA 
ferrous chloride 6-hydrated 
hydrogen peroxide 
magnesium sulphate 7-hydrated 
manganese chloride 4-hydrated 
nitric acid 
phenylmethylsulphonyl fluoride 
polyvinylpyrrolidone 
potassium dihydrogenphosphate 
potassium nitrate 
Tris – HCl 
zink sulphate 7-hydrated 
  
3.3.2 Laboratory equipment: 
aluminium foil 
aquariums 
automatic pipettes 
conical flasks 
eppendorf tubes 
graduated cylinder 
graduated vessels 
grinding mortar and pestle 
tweezers 
vessels 
 
3.3.3 Instruments: 
Centrifuge 54/ 5 R eppendorf 
Centrifuge Jouan Mr 22i 
drying oven 
freezer 
laboratory balance 
Microwave oven Anton Paar 3000 
personal computer 
pH meter 
refrigerator 
Spectrophotometer Nanodrop ND-1000 
Spectrophotometer Uvikon 930 
Spectrophotometer Varian Spectra 
AA 22O 
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3.4 Enzymatic activity 
The analytical process was made according to Srivastava, 2006 in the Laboratory 
of Chemistry of Natural Substances in the Faculty of Science. 
3.4.1 Enzyme extraction 
250 mg of plant material was homogenized in 2 ml of the buffer containing 
50mM Tris–HCl (pH 7.0), 0.1mM EDTA, 1mM PMSF and 0.3 g.g−1 fw PVP. 
Additional 0,5 ml of the buffer was used to rinse the mortar and pestle. Homogenate 
thus obtained was centrifuged at 15 000×g for 15 min. Supernatant was transferred to 
eppendorf tubes and frozen at -80°C until the analyses. All the work for preparation of 
enzyme extract was carried out at 4°C. 
3.4.2 Analyses of enzymatic activity 
Reaction mixture comprised 900 μl of 50mM sodium phosphate buffer (pH 7.0) 
with 10mM H2O2 and 100 μl of enzyme extract. Suitable aliquot of enzyme was added 
as the last one to start the reaction of H2O2 decomposition. Decrease in the absorbance 
was taken at 240 nm during one minute (Spectrophotometer Uvikon 930). Calibration 
was done with the mixture of 900 μl of 50mM sodium phosphate buffer (pH 7.0) and 
100 μl of enzyme extract. The enzyme activity was calculated as a change in absorbance 
per minute per milligram of protein. 
3.5 Heavy metal absorption 
Levels of heavy metals accumulation were stated according to Ngayila, 2007. 
Analyses were accomplished in the Laboratory for Water and Enviromental Sciences in 
the Faculty of Science. 
3.5.1 Biomass preparation 
200 mg of fresh weight of Myriophyllum alterniflorum DC were oven dried at 
105°C for two days. Approximately 20 mg of dry material was replaced to teflon flask 
and digested with a mixture of 5 ml 65% HNO3 and 2 ml 30% H2O2. The digestion 
process in an automatic microwave digestion system (Anton Paar 3000) proceeded in 
two steps. For the first 10 minutes the microwave power increased from 0 to 1400 W. 
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The second step consisted of maintaining 1400 W for 15 minutes. Tubes were then 
cooled out to a room temperature. Every sample was completed to 20 ml by deionised 
water and stored in a refrigerator until the analyses. 
3.5.2 Analyses of heavy metal absorption 
Sample solutions were further diluted exactly before the measurements to obtain 
measurable and detectable heavy metal concentrations. Analyses were carried out by 
atomic absorption spectrophotometry using an air/acetylene flame (Varian Spektra AA 
220). This analysis was based on the Fisher Scientific certified standard using a 10μl 
injection volume. 
3.6 Content of proteins 
Contents of proteins in samples of Myriophyllum alterniflorum DC were detected 
spectrophotometrically (Nanodrop ND-1000). 2 μl of enzyme extract (see 3.4.1) were 
used for analyses. Works were proceeded in the Laboratory of Chemistry of Natural 
Substances in the Faculty of Science. 
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4 Results 
4.1 Enzymatic activity 
Because of the lack of time and chemical products only the analyses of catalase 
after the copper treatment have been followed out. 
Catalase is an enzymatic biomarker of oxidative stress. Activity determination 
was based on the decrease of H2O2 concentrations in the period of one minute. If the 
diminution lasted less then one minute the difference in absorbance observed in 
30 seconds was doubled and used for calculation. (Table 2) 
Enzymatic activity was changing in time and in different copper concentrations 
(Fig. 1). Up to 0,5mM activity of catalase increased with longer time cultivation. 
Activity in the 0,75mM solutions increased until the third day and then decreased. 
Greater differences were observed in the beginning. After the first day of cultivation the 
highest activity was measured in the 0,25mM solution whereas in the third and sixth day 
the 0,50mM samples recorded the maximum activity. 
Enzymatic activity after copper treatment - catalase 
days 
copper 
conc. 
[mM] 
initial A final A  ΔA for 30 s 
 ΔA 
for 1 
min 
average 
protein 
conc. 
[mg/ ml]
enzymatic 
activity 
[μmol/min.
mg] 
average 
enzymatic 
activity 
[μmol/min.
mg] 
0,3585 0,3264 0,0321 0,0642 1,75 
0,3061 0,2343 0,0718 0,1436 3,91 
0,2738 0,2503 0,0235 0,0470 1,28 
0 
0,5936 0,5160   0,0776
8,42 
2,11 
2,26 
0,4026 0,1030   0,2996 15,04 0,25 
0,1616 -0,2636   0,4252
4,57 
21,34 
18,19 
0,3408 0,2903 0,0505 0,1010 8,94 
0,4270 0,3631 0,0639 0,1278 11,32 
0,5219 0,3805   0,1414 12,52 
0,5 
1,2920 1,0833   0,2087
2,59 
18,48 
12,82 
0,3469 0,2752 0,0717 0,1434 15,02 
0,3530 0,2427   0,1103 11,55 
0,4246 0,3443 0,0803 0,1606 16,82 
0,4968 0,3495   0,1473 15,43 
1. 
0,75 
0,3928 0,3350 0,0578 0,1156
2,19 
12,11 
14,18 
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days 
copper 
conc. 
[mM] 
initial A final A  ΔA for 30 s 
 ΔA 
for 1 
min 
average 
protein 
conc. 
[mg/ ml]
enzymatic 
activity  
[μmol/min.
mg] 
average 
enzymatic 
activity  
[μmol/min.
mg] 
0,7660 0,6518   0,1142 3,53 
0,4757 0,3358   0,1399 4,32 
0,7275 0,6487   0,0788 2,43 
0 
0,4938 0,3496   0,1442
7,43 
4,45 
3,68 
0,2365 -0,1296   0,3661 25,76 
0,6406 0,1200   0,5206 36,63 
0,6391 0,2634   0,3757 26,43 
0,25 
0,4057 0,1576   0,2481
3,26 
17,46 
26,57 
0,2946 -0,0019   0,2965 23,78 
0,2260 -0,1446   0,3706 29,72 
0,2949 -0,0990   0,3939 31,59 
0,5 
0,2878 -0,0195   0,3073
2,86 
24,64 
27,43 
0,2822 0,0312   0,2510 27,28 
0,4472 0,3035   0,1437 15,62 
0,4183 0,2628   0,1555 16,90 
0,5524 0,1009   0,4515 49,08 
0,3528 0,2098   0,1430 15,54 
3. 
0,75 
0,5760 0,3607   0,2153
2,11 
23,40 
24,64 
-0,3068 -0,6417   0,3349 10,65 0 
-0,1432 -0,4920   0,3488
7,21 
11,10 
10,87 
0,3249 0,0220   0,3029 26,93 
0,1404 -0,1340   0,2744 24,39 
0,5037 0,1643   0,3394 30,17 
0,3736 0,1824   0,1912 17,00 
0,25 
0,3740 -0,0519   0,4259
2,58 
37,86 
27,27 
0,4950 0,1567   0,3383 39,79 
0,4570 0,1038   0,3532 41,54 
0,3932 0,1804   0,2128 25,03 
0,5 
0,4682 0,3287   0,1395
1,95 
16,41 
30,69 
0,3838 0,1854   0,1984 21,16 
6. 
0,75 
0,5133 0,2809   0,2324
2,15 
24,79 
22,98 
Table 2: Absorbance values measured to determine the enzymatic activity of catalase. 
Calculation formula: 
pcdt
AVakt 1.
..
.. εΔ
Δ= . Molar extinction coefficient was          
43,6 l.mol-1.cm-1. 
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Enzymatic activity after copper treatment - catalase
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Fig. 1: Enzymatic activity of catalase after the cultivation in copper solutions. 
4.2 Heavy metal absorption 
Levels of absorption were detected only in plants cultivated in several copper 
solutions. Incompletion was caused by defect of automatic microwave system. 
The amount of copper which was absorbed by Myriophyllum alterniflorum DC 
seemed to be time and concentration dependent. (Table 3, Fig. 2) Bigger augmentation 
was observed in the first day. 
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Heavy metal absorption - copper 
days 
copper 
conc. 
[mM] 
dry weight 
[g] 
metal conc. 1 
[mg/ l] 
metal conc. 2 
[mg/ l] 
 average 
metal conc.  
[mg/ l] 
metal 
dosage 
[mg/ g] 
0,00 0,02104 0,0322 0,0311 0,0317 0,0301
0,25 0,01496 3,8970 3,8785 3,8877 5,1975
0,50 0,01944 7,5144 7,5953 7,5549 7,7725
1. 
0,75   
0,00   
0,25   
0,50 0,01633 7,9718 7,7986 7,8852 9,6573
3. 
0,75           
0,00           
0,25           
0,50           
6. 
0,75           
Table 3: Rates of copper absorption. 
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Fig. 2: Rates of copper absorption 
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4.3 Content of proteins 
Protein concentrations showed decline in time and higher copper concentrations. 
(Table 4, Fig. 3) Exception was 0.5mM solution in which the content of protein slightly 
increased in the third day of cultivation. Diminutions represented approximately halves 
when compared with the contents in control samples. 
Protein concentration after copper treatment 
days copper conc. [mM] 
protein conc. 1 
[mg/ ml] 
protein conc. 2 
[mg/ ml] 
average protein 
conc. [mg/ ml] 
0,00 8,45 8,39 8,45 
0,25 4,56 4,57 4,56 
0,50 2,52 2,52 2,52 
1. 
0,75 2,17 2,21 2,17 
0,00 7,46 7,40 7,46 
0,25 3,27 3,25 3,27 
0,50 2,85 2,86 2,85 
3. 
0,75 2,09 2,13 2,09 
0,00 7,17 7,25 7,17 
0,25 2,54 2,62 2,54 
0,50 1,95 1,94 1,95 
6. 
0,75 2,15 2,15 2,15 
Table 4: Protein concentrations after copper treatment. 
Protein concentration after copper treatment
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Fig. 3: Protein concentrations after copper treatment. 
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5 Discussion and conclusion 
The pollution of aquatic ecosystems by heavy metals represents serious problem 
due to their toxicity and accumulation behaviour. Copper is released into the 
environment by anthropogenic activities, such as from pesticides, fungicides and 
industrial wastes. (Srivastava, 2006) Macrophytes, like Myriophyllum, sp., are used in 
ecological surveys as in-situ bioindicators of water quality due to their ability to 
accumulate chemicals, and due to the fact that they comprise an important component 
of benthic primary production in rivers, lakes and wetlands. (Nimptsch, 2005) 
Copper is an essential redox-active transition metal. However, at elevated 
concentrations of >20–30 μg.g−1 dw, copper becomes toxic to plants and alters 
membrane permeability, chromatin structure, protein synthesis, enzyme activities, 
photosynthesis and respiratory processes and may induce senescence. Redox cycling 
between Cu2+ and Cu+ catalyzes production of hydroxyl radicals from superoxide and 
hydrogen peroxide by the reaction known as Haber–Weiss reaction and thus enhances 
the production of ROS. ROS damage proteins, amino acids and nucleic acids and 
initiate peroxidation of membrane lipids. (Srivastava, 2006) In consequence, decreased 
photosynthetic activity and/or growth of tissues are followed by reduction of plant 
productivity. (Maksymiec, Krupa 2006) Defense system of the plant constitutes 
enzymes like SOD, CAT, APX, GPX, GR and other antioxidant compounds such as 
GSH, carotenoids, PCs (Mishra, 2006)  
CAT is an antioxidant enzymes which is located in peroxisomes, glyoxysomes 
and mitochondria. It’s role is to eliminate the H2O2. (Hegedüs, 2001) In this study 
activity of catalase augmented in time up to 0,05mM. Whereas the maximum of 
0,75mM was in the third day. When comparing different copper concentrations after the 
same cultivation period the highest activity was observed in 0,25mM in the first day and 
in 0,50mM the third and sixth day. These results are similar to the research of 
Srivastava, 2006, Monnet, 2006 and Hou, 2007. The increase in CAT activity could be 
correlated with the increase in H2O2 concentration produced by SOD. The decrease in 
CAT activity could then be due to a direct effect of the copper ion on the enzyme and/or 
to the inhibition of its synthesis. (Monet, 2006) 
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Since submerged aquatic plants absorb metals from their roots as well as through 
their leaves and have indeterminate and fast growth, they show tremendous potential to 
accumulate metals. (Srivastava, 2006) This supposition arrised also from the several 
results obtained from copper absorption measurements. Srivastava, 2006, Monnet, 2006 
and Ngayila, 2007 reported the same results for copper in different aquatic plants. 
Significant accumulation of copper has also been observed in other aquatic plants like 
Ceratophyllum demersum, Lemna trisulca and Vallisneria spiralis. (Srivastava, 2006) 
Soluble protein content in organisms, an important indicator of reversible and 
irreversible changes in metabolism, is known to respond to a wide variety of stressors 
such as natural and xenobiotic.(Hou, 2007) Decrease in protein concentrations was 
higher with longer duration and higher copper concentrations which is in accordance 
with Guo, 2007, Mishra, 2006, Monnet, 2006 and Hou, 2007. 
Results obtained during the experiments carried out within this thesis signify 
certain changes in Myriophyllum alterniflorum DC caused by excess of copper. 
However further analyses of other antioxidant enzymes and metal accumulations have 
to be completed to say whether this plant can be used as a biomarker of heavy metal 
pollution. 
6 Abstract 
 
 56
6 Abstract 
This thesis concerns with the effects of heavy metals on plants and is a part of a 
broader research on biomarkers of oxidative stress in aquatic plants in the Department 
of Pharmaceutical Botany of Faculty of Pharmacy in the University of Limoges. 
Experimental organism was an aquatic plant Myriophyllum alterniflorum DC 
(alternate water milfoil) that was collected in the upper stream of the river Vienna. 
Samples were cultivated in the increasing concentrations of copper and cadmium 
(0mM, 0,25mM, 0,5mM, 0,75mM) for 1, 3 and 6 days. 
On account of time and chemical products insufficiency only several analyses of 
plants treated with copper were carried out. Catalase is one of the enzymes integrated in 
the antioxidative defence system. It decomposes H2O2 into water. During the time 
catalase activity gradually increased up to 0,5mM. 0,75mM showed the maximum after 
the third day. When comparing different copper concentrations after the same 
cultivation period the highest activity was observed in 0,25mM in the first day and in 
0,50mM the third and sixth day. Myriophyllum alterniflorum DC as other aquatic plants 
exhibits the heavy metal accumulation ability increasing in time and higher copper 
concentrations. On the contrary, decreasing time and concentration dependence was 
observable in measurements of protein contents.  
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8 Souhrn 
Tato diplomová práce se zabývá účinkem těžkých kovů na rostliny a je součastí 
širšího výzkumu týkajícího se biomarkrů oxidativního stresu u vodních rostlin, který 
probíhá na katedře botaniky Farmaceutické Fakulty Univerzity v Limoges. 
Pokusným organismem byla vodní rostlina Myriophyllum alterniflorum DC 
(stolístek střídavokvětý), která byla nasbírána v horním toku řeky Vienny. Vzorky pak 
byly kultivovány ve roztocích s rostoucí koncentrací mědi a kadmia (0mM, 0,25mM, 
0,5mM, 0,75mM) po dobu 1, 3 a 6 dnů. 
Kvůli nedostatku času a chemikálií byly provedeny pouze některé analýzy 
u rostlin ošetřených mědí. Kataláza je jedním z enzymů zapojených do antioxidačního 
obraného systému buňky. Rozkládá H2O2 na vodu. V čase aktivita katalázy postupně 
rostla až do koncentrace 0,5mM. 0,75mM vykazovala maximum třetí den. Ve srovnání 
rozdílných koncentrací mědi, po stejné inkubační době byla první den nejvýši aktivita 
pozorována u 0,25mM roztoku a u 0,50mM třetí a šestý den. Myriophyllum 
alterniflorum DC, stejně jako jiné vodní rostliny, vykazovala schopnost akumulace 
těžkých kovů rostoucí v čase a v koncentrovanějších roztocích. Naopak, klesající časová 
a koncentrační závislost byla pozorovatelná u měření obsahu proteinů. 
 
